An investigation of the mechanical behaviour of fine tubes fabricated from a Ti-25Nb-3Mo-3Zr-2Sn alloy by Zhang, Yaowu et al.
  	

An investigation of the mechanical behaviour of fine tubes fabricated from a
Ti-25Nb-3Mo-3Zr-2Sn alloy
Yaowu Zhang, Damon Kent, Gui Wang, David St John, Matthew Dar-
gusch
PII: S0264-1275(15)30015-0
DOI: doi: 10.1016/j.matdes.2015.06.127
Reference: JMADE 172
To appear in:
Received date: 27 April 2015
Revised date: 18 June 2015
Accepted date: 22 June 2015
Please cite this article as: Yaowu Zhang, Damon Kent, Gui Wang, David St John,
Matthew Dargusch, An investigation of the mechanical behaviour of ﬁne tubes fabricated
from a Ti-25Nb-3Mo-3Zr-2Sn alloy, (2015), doi: 10.1016/j.matdes.2015.06.127
This is a PDF ﬁle of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its ﬁnal form. Please note that during the production process
errors may be discovered which could aﬀect the content, and all legal disclaimers that
apply to the journal pertain.
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
1 
 
An investigation of the mechanical behaviour of fine tubes 
fabricated from a Ti-25Nb-3Mo-3Zr-2Sn alloy 
Yaowu Zhang*
a
, Damon Kent
a, b
, Gui Wang
a
, David St John
a
 and Matthew Dargusch
a
 
a. Queensland Centre for Advanced Materials Processing and Manufacturing (AMPAM), 
School of Mechanical and Mining Engineering, The University of Queensland, Brisbane, QLD 4072, 
Australia 
b. School of Science and Engineering, University of the Sunshine Coast, Sippy Downs, QLD 4575, Australia 
 
Abstract 
 
This study investigates the mechanical properties and the deformation mechanisms active in Ti-25Nb-
3Mo-3Zr-2Sn fine tubes. Ti-25Nb-3Mo-3Zr-2Sn alloy is a recently developed metastable β titanium 
alloy intended for biomedical applications. Tensile tests were carried out on the fine tubes. The 
modulus of the Ti-25Nb-3Mo-3Zr-2Sn fine tubes increased with reductions in the diameter for tubes 
in the cold rolled and annealed conditions. In comparison with cold rolled tubes, the annealed tubes 
exhibit increased strain hardening behaviour and superior ductility. Mechanical twins, stress-induced 
martensitic transformation and the textures of the β and α″ phases were investigated. The results show 
that the fine tubes exhibit different moduli which are related to the evolution of β and α″ phase 
textures during processing. Cold rolling facilitates the transformation from β to the α″ phase and 
mechanical            twinning. For the annealed tubes, mechanical twinning as well as primary and 
secondary martensitic transformations were activated at specific levels of tensile strain. Twins 
developed with increasing levels of strain, and secondary martensitic transformations occurred within 
the twinned β regions. Annealed fine tubes exhibit multistage strain hardening behaviour and superior 
ductility due to the synergetic effects of twinning induced plasticity and transformation induced 
plasticity during tensile deformation.  
 
Keywords: Metastable β-titanium alloy, fine tube, mechanical properties, twinning, martensitic 
transformation 
 
1. Introduction 
 
Metallic materials are used widely for biomedical implants in applications such as, stents, artificial hip 
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joints and dental prostheses [1, 2]. Materials to be used as implants in the human body typically 
require superior mechanical properties such as elasticity, corrosion resistance and high levels of 
ductility and strength [3, 4]. Titanium alloys meet all of these requirements and have good 
biomechanical and biochemical compatibilities and so are attractive materials for biomedical 
applications. Metastable β-Ti alloys have advantages over α and α+β alloys for biomedical 
applications due to their greater biocompatibility, lower modulus, high toughness and good 
mechanical processability, e.g., the superior elasticity effectively reduces the risk of damage to the 
stents as they are compressed during delivery into the body before being deployed in the target 
location [5, 6]. However, long-term health problems caused by the release of toxic ions from 
implanted titanium alloys has hindered their uptake. Research has been undertaken to overcome long-
term health risks [7, 8], with studies on the development of new metastable β-Ti alloys with 
biocompatible and non-toxic compositions containing elements such as Nb, Mo, Zr and Sn [9, 10].  
 
Any material intended for implants, such as stents, needs to be mechanically stable in biological 
environments for long periods, ideally for the lifetime of the patient. In order to fabricate mechanically 
suitable β-Ti fine tubes for stent applications, processing variables must be carefully controlled to 
obtain a suitable balance of mechanical properties such as strength and ductility. The mechanical 
properties of metastable β-Ti alloys are strongly influenced by the occurrence of several different 
deformation mechanisms [6], and studies dedicated to improving their mechanical properties have 
focussed on understanding and controlling these deformation mechanisms [6, 11]. The dominant 
deformation mechanism typically changes from stress induced martensite to mechanical twinning to 
slip with increasing levels of β phase stability [6]. The martensitic α″ transformation can be triggered 
by external stresses for alloys which have a martensitic start temperature below room temperature as is 
the case for many of the metastable β titanium alloys [12-14]. Twinning is a common deformation 
mechanism for materials which have low stacking fault energies and bcc structures [15]. In metastable 
β titanium alloys,            twinning has been widely observed, while            twinning has 
also been reported for some metastable β-Ti alloys [6, 16, 17]. 
 
A wide range of mechanical properties have been reported over the last decades due to the influence of 
different processing regimes and the large variety of compositions of the metastable β-Ti alloys. The 
stress and strain distributions during deformation vary between processing of bulk and sheet materials 
and fine tubes. Several gaps exist in the current literature in the understanding of the role played by 
deformation twinning and martensitic transformations on the mechanical properties exhibited in the 
processing of fine β-Ti tubes. A metastable β Ti alloy, Ti-25Nb-3Mo-3Zr-2Sn (wt.%), was developed 
by Yu et al. [18] and has been investigated as a promising material for biomedical applications [13, 
18-22]. It has low modulus, high strength and exhibits considerable plasticity and superelastic 
character. Previously, the authors have reported on the evolution of mechanical properties during 
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processing of Ti-25Nb-3Mo-3Zr-2Sn tubes with outside diameters >5 mm [13]. The tubes exhibit 
different deformation mechanisms and mechanical properties with reductions in the diameter. In the 
present work, tensile testing of fine tubes with diameters < 5mm was conducted to understand the 
evolution of Young’s modulus, yield strength and strain hardening rates during processing to optimise 
their mechanical performance.  
 
2. Method 
 
2.1. Tensile tests to failure and interrupted tensile tests 
 
The nominal composition of the alloy used in this investigation is Ti-25Nb-3Mo-3Zr-2Sn (wt.%). An 
ingot was melted three times in a vacuum arc remelting furnace using Ti-Nb master alloy, pure Ti, Mo, 
Sn and Zr as raw materials. The ingot was forged and hot extruded at 850 °C into pipes with a 
diameter of 32 mm and a wall thickness of 5 mm. During fabrication of the tubes, a strain parameter ε 
was used to measure the cross-sectional reductions, where   
     
  
 
                     
          
 . Multi-
pass cold rolling with cross-sectional reductions of 25-30% followed byannealing at 1023K for 30 
minutes was performed to alleviate residual stresses. The annealing was performed in tubular furnaces 
under vacuum (10
-7
 mbar) to prevent contamination and oxidation. 4 cycles of cold rolling and 
annealing were conducted to reduce the tubes from 5 mm in diameter to a final tube diameter of 3.2 
mm. The samples in the present paper were obtained from different stages in the processing of the fine 
tubes in either the cold rolled or annealed condition. Dimensions of the samples are listed in Table 1 
with the original order of processing being C1, A1, C2, A2, C3, A3, C4, A4 (Group ‘C’ for cold rolled 
samples, Group ‘A’ for annealed ones).  
 
Table 1. Dimensions of Ti-25Nb-3Mo-3Zr-2Sn fine tubes used in the present investigation 
Processing Order C1 A1 C2 A2 C3 A3 C4 A4 
Outside Diameters (mm) 5.0 5.0 4.5 4.5 4.0 4.0 3.5 3.5 
Wall Thicknesses (mm) 0.5 0.5 0.4 0.4 0.3 0.3 0.25 0.25 
Conditions Cold rolled Annealed Cold rolled Annealed Cold rolled Annealed Cold rolled Annealed 
 
Wire-electrode cutting was used to prepare tensile samples from the fine tubes with their longitudinal 
directions parallel to the rolling direction of tubes. The cut surfaces were mechanically polished in 
order to limit the influence of minor notches. Fig. 1 shows the geometry of the fine tubes and the 
tensile specimens with nominal 2.5 mm widths and gauge lengths of 20 mm. Tensile tests were 
conducted to failure with an initial stain rate of 1.3×10
-4
 s
-1
 at room temperature (~23°C) using an 
Instron universal tensile testing machine (Instron 4505). A contact extensometer was used to record 
strains from the gauge length of the specimens. The reported tensile properties are the average of three 
individual experimental results in order to ensure the repeatability of results. 
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Fig. 1. Schematic diagram of the original fine tubes and the tensile specimens (OD of 4 mm). 
 
Interrupted tensile tests were also conducted using the Instron 4505 tensile testing machine and the 
same parameters as those for the tensile tests to failure. A contact extensometer was used to measure 
strains during the interrupted tensile tests. Tubes with an OD of 4 mm were used for the interrupted 
tensile tests. The tests were interrupted when the calculated true strains reached 1.2%, 2.7% and 4.8%, 
which are related to the three different stages of strain hardening rate observed during the failure 
tensile tests. Samples from interrupted tensile tests were prepared for further microstructural analysis. 
 
2.2. Microstructure observation 
 
Microstructural characterisation was conducted using a combination of scanning electron microscopy 
(SEM), electron back-scatter diffraction (EBSD), transmission electron microscopy (TEM), and X-ray 
diffraction (XRD). All samples were prepared by wet grinding with waterproof silicon carbide papers 
to 4000 grit, polished with OPS colloidal silica solution and ultrasonically cleaned. Polished samples 
for SEM observation were etched by a solution of Kroll’s reagent for 15-20 seconds. Samples for 
EBSD and XRD were prepared by chemical polishing with a solution of ethanol (90 ml), nitric acid (5 
ml) and hydrofluoric acid (5ml) for 2-4 seconds following the mechanical polishing. Focused ion 
beam (FIB) sectioning was performed using a dual beam SEM/FIB FEI Quanta 3D FEG equipped 
with an injector needle capable of depositing Pt to protect the TEM foil from possible beam induced 
damage. Thin specimens with thicknesses of approximate 100 nm were prepared using the FIB. 
Observations were conducted on a JEM-2100 LaB6 transmission electron microscope with an 
accelerating voltage of 200 kV. SEM was conducted on a JEOL JSM 7001 instruments at 20kV. XRD 
spectra were obtained using a D8 advance X-ray diffractometer equipped with a graphite mono-
chromator, a Ni-filtered Cu Kα (λ=1.5406nm) source and a scintillation counter, operated at 40 KV 
and 30 mA with a scanning speed of 0.02° s
-1
. EBSD scans were performed using a field-emission gun 
scanning electron microscope (JEOL JSM 7001) operated at 25kV with step sizes ranging from 0.2 
µm to 0.3 µm.  
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3. Results and discussion 
 
True stress – true strain curves for the Ti-25Nb-3Mo-3Zr-2Sn fine tubes in the cold rolled and 
annealed conditions are shown in Fig. 2. The yield stress remained constant at approximately 540MPa 
for the cold rolled tubes, while it increased from 401 MPa to 518 MPa with reductions in the tube 
diameter in the annealed condition. Elongations of the fine tubes after annealing are above 20%, which 
is significantly greater than the cold rolled tubes which exhibited elongations of < 3%. Similar to the 
yield strength, the modulus of the cold rolled tubes remained approximately constant. In comparison, 
annealed tubes exhibited increased moduli with reductions in the tube diameter. The strain hardening 
exhibits characteristics of double yielding for the tubes in the annealed condition. Pseudo-elasticity 
may exist in some meta-stable β titanium alloys due to reversible martensitic phase transformations as 
has been observed for Ti-25Nb-3Mo-3Zr-2Sn alloy in a previous report [23]. The nominal fracture 
strains obtained from the tensile tests were compared with the after fracture strain to measure the 
degree of recoverable strain associated with the reversible martensitic transformation. The results of 
this analysis are shown in Table 2. The results demonstrate that a proportion of the martensitic α″ 
phase formed during the tensile tests is reversible. For the cold rolled samples, the average recoverable 
strain was in the order of 0.002 to 0.005, while for the annealed samples it was approximate 0.12. 
 
 
Fig. 2. True stress – true strain curves of Ti-25-3Mo-3Zr-2Sn fine tubes in uniaxial tensile tests. (a) Cold rolled tubes (b) 
Annealed tubes. (Dashed lines illustrate corresponding moduli.) (For interpretation of the references to colour in this figure, 
the reader is referred to the web version of this article.) 
Table 2. Comparison between after fracture strain and nominal fracture strains 
 C1 C2 C3 C4 A1 A2 A3 A4 
Nominal fracture strain 0.014 0.014 0.011 0.009 0.225 0.218 0.241 0.204 
After fracture strain 0.010 0.009 0.009 0.006 0.099 0.097 0.119 0.092 
Recoverable strain 0.004 0.005 0.002 0.003 0.126 0.121 0.122 0.112 
 
3.1. Elastic modulus and texture evolution in the fabrication of fine tubes 
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Materials for stent applications are typically required to undergo significant elastic deformation, so the 
modulus is an important mechanical property. It is defined as the slope of the linear elastic range 
before yielding. However, since the cold rolled tubes exhibit non-linear elastic behaviour, this 
definition is not suitable. In this circumstance, an incipient modulus can be adopted to characterise the 
elastic behaviour as represented by the dashed lines in Fig. 2 obtained from the slope of the tangent in 
the initial stages of loading. The incipient modulus was determined on the basis that for very low 
strains the deformation is primarily linear elastic strain. This approach was also adopted for previous 
studies on the deformation behaviours of low modulus β titanium alloys [24-26]. In the present paper, 
for the cold rolled tubes the incipient modulus was obtained from the slope of the tangent for the initial 
0 to 0.5% strain, where the stress-strain curves are approximately linear. Young’s modulus was used 
for the annealed tubes, as the elastic regions of the curves were linear. The lowest values of modulus 
for Ti-Nb based alloys are reported for compositions ranging between 15 and 42 wt.% Nb [25, 27]. 
Ozaki et al. [27] found that the modulus of Ti-35Nb alloys was approximately 70 GPa after solution 
heat treatments, which is similar to that of the annealed tubes with OD of 3.5 mm in the present work. 
A modulus as low as 55 GPa was obtained for the annealed tubes in the present work. In comparison, 
the modulus of the cold-rolled tubes measured from the true stress – true strain curves ranged from 71 
GPa to 78 GPa. Fig. 3 shows the variation of modulus with deformation for the cold rolled and 
annealed conditions. The annealed tubes exhibit gradual increases in modulus with reductions in their 
diameters increasing from 55 GPa to 74.1 GPa, while the modulus showed smaller changes for the 
cold rolled tubes. Annealing after the cold rolling led to smaller decreases in the modulus with 
increasing levels of reduction in the diameters of the fine tubes.  
 
 
Fig. 3. Incipient moduli and Young’s moduli variation with reducing diameter for the (a) cold rolled and (b) annealed 
conditions. 
 
According to the authors’ previous work on the Ti-25-3Mo-3Zr-2Sn alloy [13], martensite is readily 
generated within the β matrix during cold deformation. Fig. 4 shows normalised XRD profiles of the 
Ti-25Nb-3Mo-3Zr-2Sn fine tubes, which show characteristic diffraction peaks of the β and α″ phases. 
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The cold rolled Ti-25Nb-3Mo-Zr-2Sn tubes experience a martensitic transformation from β to stress-
induced martensitic α″ phase during processing. Fig. 4 (b) exhibits peaks of the β phase only, showing 
that annealing results in a reverse transformation from the α″ phase to the β phase. Images from the 
outer and inner regions of one of the fine tube (C3) are shown in Fig. 5 (a) and (b). According to 
theory, the microstructure of the tubes should vary over the cross section of the tubes due to the 
differing degrees of deformation. However, due to the thinness of the fine tubes walls and the effects 
of the internal mandrel used for the cold rolling, the deformation across the section of the tubes was 
approximately uniform. As a result, the grain sizes did not exhibit significant differences over the fine 
tube cross sections. In the following discussion, only microstructures obtained from the central regions 
of the tube cross-sections were used to understand the evolution of microstructure of the tubes in 
relation to their processing. Fig. 5 shows micrographs from the central regions of the Ti-25Nb-3Mo-
3Zr-2Sn fine tubes composed of equiaxed grains with an average diameter of approximately 18.5 µm. 
The tubes in the cold rolled condition exhibit a high volume fraction of deformation induced products 
(Fig. 5 (c)), which were transformed to the β phase during annealing at temperatures above the β 
transus (Fig. 5 (d)).  
 
     
Fig. 4. Normalised XRD profiles of Ti-25Nb-3Mo-3Zr-2Sn tubes at various deformation reductions (a) cold rolled tubes (b) 
annealed tubes. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this 
article.) 
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Fig. 5. Micrographs of Ti-25Nb-3Mo-3Zr-2Sn cold rolled tubes with an OD of 4 mm at (a) inner region (b) outer region (c) 
central region.  (d) micrograph of the central region from an annealed tubes with an OD of 4 mm 
 
    
Fig. 6. Evolution of ratios of normalised XRD peak intensities for (a) cold rolled tubes and (b) annealed tubes. 
 
Texture evolution and martensitic transformation, which have a critical influence on the modulus, 
occur with the reductions in the diameters of tubes. For β-Ti alloys, the modulus is anisotropic [28] 
and has a minimum value in a low index <100> direction, increasing as the direction is transferred to 
<110> and then to the <111> direction. The elastic deformation resistance is further increased when 
the strain path is along higher index directions [29, 30]. It is shown that the relative XRD peak 
intensities, I(110)β/I(211)β and I(100)β/I(211)β, decrease simultaneously with reductions in the diameters of the 
annealed tubes as shown in Fig. 6 (b). Therefore, the increased resistance to elastic deformation along 
(211) β has a dominant effect on the modulus of the annealed tubes, as only β phase texture is 
developed. Matsumoto et al. [31] studied variation of modulus in the Ti-35Nb-4Sn (wt.%) alloy and 
suggested that varying modulus was also related to the martensitic texture developed due to the stress-
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induced martensitic phase transformation during plastic deformation. The modulus is decreased when 
the strain path is parallel to (220)α″, while an increase of the modulus may result from the 
development of texture other than (220)α″ [31]. The martensitic α″ identified in Fig. 4 (a) exhibits 
(100)  and (110) textures in the cold rolled condition, as evidenced by the (200), (220) and (002) α″ 
phase peaks in XRD profiles taken from the plane parallel to the rolling direction of fine tubes. The 
result can be interpreted by the orientation relationship between the β and α″ phases. The orientation 
relationship proposed by previous reports [6, 32] are [100] α″//[100]β, [010] α″//[011] β and [011] 
α″//[    ] β. In the present work, the (110) α″ texture was enhanced with decreasing OD of the fine 
tubes according to the increased ratio of the normalised intensities of the (220) α″ peak and the sum of 
(200) and (002) α″ (I(220)α″/I(200)+(002)α″) phase peaks as shown in Fig. 6 (a). Therefore, the evolution of α″ 
texture results in decreases in the modulus due to the relatively lower modulus of (110) α″ texture 
compared with (100) α″ texture. The effects of α″ may account for the smaller changes in the modulus 
for the cold rolled tubes in comparison with the annealed tubes which have a single β phase structure. 
The I(110)β/I(211)β and I(100)β/I(211)β intensities decreased simultaneously (Fig. 6), indicating that the β 
phase with       and       planes parallel to the rolling direction were consumed by the β to α″ 
phase transformation with increasing deformation. The evolution of β textures in the annealed fine 
tubes is consistent with that of the cold rolled ones without regard to the influence of α″ texture.  
 
Fig. 7 illustrates planes in the bcc β crystal and orthorhombic α″ crystal structures which were 
identified by XRD. When the planes favoured for elastic deformation are rotated to high index 
orientations, such as (211) β, the modulus is increased (as shown in Fig. 3) due to the higher elastic 
deformation resistance. However, the texture of the α″ phase has to be taken into account for the cold 
rolled fine tubes due to its relative high volume fraction. As shown in Fig. 7 (b) the α″ phase texture 
favoured (220) α″ with increasing deformation. The combined effects of α″ and β textures may 
account for the smaller changes in the modulus for the cold rolled tubes in comparison with the 
annealed ones, where only β phase texture was developed. 
   
Fig. 7. Schematic diagrams of bcc β and orthorhombic α″ crystals and the planes identified by XRD (a) bcc β phase, 
a0=0.329nm, in cold rolled Ti-25Nb-3Mo-3Zr-2Sn alloy (b) orthorhombic α″ phase, a’=0.318nm, b’=0.481nm, c’=0.463nm, 
based on Ti-24Nb (at.%).  
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The volume fraction of martensitic α″ phase exhibits an increase with the reductions in the diameters 
of cold rolled tubes according to the increased relative intensity        as shown in Fig. 6 (a). In the 
authors’ previous study [13], the increasing volume fraction of α″ phase resulted in a decrease in the 
modulus of the tubes. Yu et al. [18] also reported similar phenomena for solution treated and rolled Ti-
25Nb-3Mo-3Zr-2Sn rods. In the view of the previous analysis on the textures, the changes of the 
modulus are proposed to result from both the changed volume fraction of martensitic α″ phase and the 
texture evolution. The effects of α″ textures and the increasing volume fraction of α″ phase account for 
the smaller changes in the modulus for the cold rolled tubes as compared to the annealed ones in 
which only β phase texture develops. However, the increased modulus with the reductions in the 
diameters of cold rolled tubes indicates (Fig. 3 (a)) that the β phase texture has a dominant influence 
on the modulus of the fine tubes due to its larger volume fraction. 
 
3.2. Deformation mechanisms in the processing of Ti-25Nb-3Mo-3Zr-2Sn fine tubes 
 
EBSD mapping was performed on the cold rolled and annealed tubes to investigate the active 
deformation mechanisms during processing. Fig. 8 shows inverse pole figures (IPF) for the β and α″ 
phases. When the fine tubes were cold rolled, the dislocation densities in the alloy increased 
dramatically. The lattice was distorted by the high density of dislocations. Therefore, index rates for 
EBSD maps from the cold rolled tubes were not as high as the annealed ones. Only portions of the 
twins and martensitic plates can be indexed in the microstructures of the cold rolled tubes. Other parts 
of the deformed area were left unidentified. Some of the unidentified areas were parallel to each other 
and most of them concentrated around twins or stress-induced martensitic boundaries. Transgranular 
deformation bands were evident in the deformed polycrystalline β matrix which are identified by white 
arrows. In the cold rolled condition, martensitic transformation and twinning are the dominant 
mechanisms. Both twins and stress-induced martensitic α″ phase were observed within the β matrix 
simultaneously. The twinning was identified as the            twinning system. The coincidence site 
lattice was determined to be Σ11 boundaries (a misorientation of 50.5° around <110>) using the EBSD 
post-processing software, HKL Channel 5. Martensitic α″ phase could be formed as a primary product 
in the β matrix or within twinned β phase regions formed through a secondary mechanism, involving 
transformation of the β twins to the α″ phase. An interesting feature of the cold rolled microstructure is 
the presence of thick and distorted bands. The microstructure is complex in such severely deformed 
areas. The thick band indicated by red arrows is originally a primary twin and secondary α″ phase 
subsequently formed within the well-developed twin. Small segments of residual            
mechanical twins (Fig. 8 (a)) and variants of needle-like stress-induced martensite (Fig. 8(b)) were 
observed in the band. The primary martensitic α″ phase is indicated by blue arrows in Fig. 8 (b). Thick 
twinning bands are partially or even fully occupied by secondary α″ phase laths. However, the volume 
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fraction of twins is relatively high in the cold rolled Ti-25Nb-3Mo-3Zr-2Sn fine tubes in comparison 
with that of the martensite. 
 
 
Fig. 8. EBSD inverse pole figure and band contrast maps of tubes with OD of 4mm, (a) and (b) are from cold rolled tubes, (c) 
and (d) are from annealed tubes. (a) Twins with different orientations within grains or cross grain boundaries (b) Parallel and 
thin α″ phase identified in β grains (c),(d) No twins nor α″ phase were detected in the annealed fine tubes. (For interpretation 
of the references to colour in this figure, the reader is referred to the web version of this article.) 
 
Specific deformation mechanisms, involving stress-induced formation of the α″ phase or mechanical 
twinning with different crystallographic orientations, may be activated through the shear stress applied 
to the β matrix. As shown in Fig. 8 (a), twinned β zones were observed in almost all grains, while 
primary α″ phase was formed in a limited number of favoured grains. For example, a            twin 
T1 was observed in grain G1 without any secondary α″ phase in the interior. Primary martensitic α″ 
M1 and secondary martensitic α″ M2 had similar orientations, as shown in Fig. 8(b). For illustration, 
other grains are labelled as G2 and G3 with their twins, T2 and T3, respectively. Each grain was 
deformed by several twins of the same variant. T2 propagated through grain boundaries from G2 to a 
neighbouring grain while undergoing a small misorientation. It is very common to observe twins 
growing from a grain boundary, because the stress concentration at grain boundaries facilitates the 
growth of mechanical twins [33]. The width of T2 was measured to be approximately 0.8 µm, while 
some of other twins were well-developed, e.g. T3 occupies almost half of the initial grain. Several 
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stress-induced martensite laths with parallel alignments can be formed in a single grain and propagate 
through the entire β grain.  
 
 
Fig. 9. TEM micrographs of deformation features in cold rolled Ti-25Nb-3Mo-3Zr-2Sn tubes with OD of 4 mm. (a) A 
           twin formed in the β matrix and the corresponding SAD pattern from the edge of the twin. (b) Parallel needle-
like martensitic α″ phase and the corresponding SAD pattern showing the presence of the β and α″ phases. 
 
TEM investigations were performed to identify micron-sized features within the cold rolled 
microstructures. Micrographs and corresponding selected area diffraction (SAD) patterns are shown in 
Fig. 9. Fig. 9 (a) shows a lath-like feature viewed along the [110] β zone axis, which is a            
twin approximately 850 nm in width. No secondary martensite phase was observed within the interior 
or in neighbouring regions. The width is similar to that of T2 in the EBSD maps. Therefore, the 
relatively thin twins, e.g., T2 and the twin in Fig 9 (a), are considered to be nascent and under-
developed. Parallel needle-like α″ phase was observed by TEM in Fig. 9 (b) with widths ranging from 
11.5 nm to 32.5 nm. Previous reports observed            mechanical twins in an Ti-23Nb-0.7Ta-
2Zr-1.2O (at.%) alloy [34, 35]. However, this twinning system is absent in the present alloy as the 
increased levels of Nb and other β stabilisers result in an increased stacking fault energy [36]. The 
           twinning system is preferred when the stability of the β phase is increased. Therefore, the  
           twinning system is dominant in the Ti-25Nb-3Mo-3Zr-2Sn alloy. No            twins 
were observed either by EBSD mapping or by TEM observation in the present work.  
 
β-Ti alloys exhibit primary deformation mechanisms, such as stress-induced α″ phase and mechanical 
twinning, and secondary mechanisms within primary twins, such as the formation of secondary α″ 
phase laths. Sun et al. reported that an interconnected network of deformation mechanisms may create 
extra transgranular interfaces, significantly decreasing the mean free path for dislocation slip, 
described as a dynamic Hall-Petch effect [37]. Therefore, the collective effects of deformation 
mechanisms presumably contribute to the high work hardening rate and large plasticity of the Ti-
25Nb-3Mo-3Zr-2Sn alloy which exhibits both transformation induced plasticity (TRIP) and twinning 
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induced plasticity (TWIP) simultaneously. In the present work, the activation of martensitic 
transformation and mechanical twinning are synergetic deformation mechanisms in the process of cold 
rolling, and both primary and secondary α″ phase were observed in confined regions. As a result, the 
deformation products, mechanical twins and primary α″ phase are almost saturated in the cold rolled 
fine tubes before tensile testing. The tensile stress-strain curves for the cold rolled fine tubes shown in 
Fig. 2 (a) exhibit non-linear elastic behaviour. It is reported that the combination of pre-existing 
martensite and deformation-induced transformation during tensile deformation contribute to this non-
linear elastic behaviour [25]. In comparison, the annealed tubes had twin-free (Fig. 8 (c)) and 
martensite-free (Fig. 8 (d)) microstructures. Hence, during the tensile tests strain can be readily 
accommodated by TRIP and TWIP in regions with favourable grain orientations. Hanada et al. [26] 
reported that twinning and formation of martensitic α″ lead to low modulus and large elongations, 
while slip results in high yield strength and small elongations from their observations of a range of β-
Ti alloys. This observation is supported by the decreased modulus and the much higher elongation 
observed for the annealed fine tubes (as shown in Fig 2). The mechanical response and active 
deformation mechanisms occurring at different levels of strain in the annealed tubes will be discussed 
in the following section.  
 
3.3. Mechanical and Microstructural responses to strains in annealed Ti-25Nb-3Mo-
3Zr-3Sn fine tubes 
 
In comparison with the cold rolled tubes, the tensile curves for the annealed tubes exhibit normal 
linear elastic behaviour, double yielding and relatively high strain hardening rates in the absence of 
pre-existing martensitic α″ phase and twins. The strain hardening rate versus strain curve in Fig. 10 
pertaining to the true stress – true strain curve for the annealed tubes reveals multiple modes of 
plasticity which are related to the different deformation mechanisms. Three distinct stages of strain 
hardening rate were detected and these are illustrated by dash-dotted lines.  
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Fig. 10. True stress – true strain curve of annealed Ti-25Nb-3Mo-3Zr-2Sn fine tube with OD of 4 mm (black trace), and the 
corresponding strain-hardening rate to strain curve is plotted (blue trace). Three stages of strain hardening rate are illustrated 
by dash-dotted lines. Dotted lines at strains of 1.2%, 2.7% and 4.8% show the interruption points used in the interrupted 
tensile tests. 
 
Stage I is normal elastic behaviour followed by a transition to plastic behaviour. A steep decrease 
occurred in the strain hardening rate when the strain was close to the first yield point. The strain 
hardening response increases during stage II and is associated with plastic deformation. After the 
increase, the strain-hardening rate decreases in Stage III. In order to understand deformation-induced 
transformation and twinning systems active at different stages of strain, the microstructural evolution 
was investigated by examining the deformed samples from the interrupted tensile tests at strains of 
1.2%, 2.7% and 4.8%. Fig. 11 shows the micrographs with the vertical direction parallel to the radial 
direction of the tubes. The sample with 1.2% strain exhibited similar microstructures to that of the 
original annealed ones. However, a limited number of transgranular threads were observed. This 
suggests that a limited number of twins were activated by deformation prior to the formation of stress-
induced α″ phase. The threads were observed in most grains and remained thin and parallel to each 
other with the increase in strain in stage II (Fig. 10 (b)). In this stage, the strain hardening rate 
increased and martensitic α″ phase was identified by XRD. The normalised diffraction intensities of 
the α″ phase continued to increase with increasing strain from stage II to stage III. The morphologies 
of the deformation-induced products exhibit increased widths and complex intersections as shown in 
the insert of Fig. 11 (c). Twin boundaries, grain boundaries and phase boundaries between β and α″ are 
difficult to distinguish. 
 
EBSD mapping was performed in order to identify the deformation products. Fig. 12 (a) shows single 
β phase and the absence of mechanical twinning at a strain of 1.2%. At the onset of stage II with a 
strain of 2.7%, mechanical twins and stress induced α″ were observed in the EBSD maps. This finding 
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is consistent with the observation in Fig. 11. The strain hardening rate is increased by the formation of 
mechanical twins and deformation-induced martensitic boundaries which provide barriers to slip [38]. 
Gray [39] analysed the relation between high strain hardening rates and mechanical twinning using a 
Hall-Petch type hardening mechanism, and suggested that the formation of mechanical twins increased 
the strain hardening rate. Salem et al. [40] established a correlation between the strain hardening rate 
and the Hall-Petch hardening mechanism. According to the previous reports, the increase in the twin 
volume fraction is associated with the increase of strain hardening rate in the early stages of 
deformation, whilst the strain hardening rate decreases after the twin volume fraction becomes 
saturated.  
 
 
Fig. 11. Microstructural evolution in annealed fine tubes with OD of 4 mm and corresponding XRD spectra. (Inserts are 
enlarged features. Vertical direction is parallel to the radial direction of tubes.) 
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Fig. 12. Evolution of twinning and martensite identified by EBSD in annealed fine tubes with OD of 4 mm with the increase 
of strain during tensile deformation. (Vertical direction is parallel to the radial direction of tubes.) (For interpretation of the 
references to colour in this figure, the reader is referred to the web version of this article.) 
 
Only the            twinning system was observed in EBSD maps, consistent with the observations 
of the cold roll tubes. Fig. 12 (b) and (d) indicate a significant increase in the volume fraction of twins 
from stage II to stage III, and the twin volume fraction approaches saturation in stage III. Well-
developed thick twins were consumed by secondary α″ formation as shown in Fig. 12 (d) and (e). A 
similar situation was also observed by Song. et al. [41]. They investigated the volume fraction of twins 
in β-Ti alloys and reported that the volume fraction of twins hardly changes at high strain levels. The 
development of twins in β-Ti alloys involves nucleation of new twins and thickening of pre-existing 
twins. The twins tend to nucleate in grains with twinning planes close to the maximum local shear 
stress plane [42]. Therefore, it becomes difficult to nucleate twins when favourable grains with lower 
nucleation energy are depleted with increased levels of plastic deformation. Furthermore, the 
thickening of pre-existing twins is hindered due to the increasing boundary mismatch with increasing 
strains [43]. The falling strain hardening rate in Stage III is associated with the saturation of the twin 
volume fraction.  
 
Stress induced α″ phase is preferentially activated in titanium alloys with low levels of β stabilising 
elements [6]. Martensitic α″ phase can be observed both in the β matrix and within well-developed 
twins with increases in the strain in the tensile tests. It is noted that some of secondary α″ laths were 
thicker than primary ones at the same strain as shown in Fig. 12 due to the lower resistance to 
broadening of the twins in favoured twinned β zones [44]. As a result of the formation of primary and 
secondary α″ phase, the volume fraction of α″ phase increases with strain. The volume fraction of 
twins was much larger than that of the needle-like primary α″ phase. Twinning is the dominant 
deformation mechanism during deformation of the Ti-25Nb-3Mo-3Zr-2Sn fine tubes.  
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4. Conclusions 
 
The modulus of Ti-25Nb-3Mo-3Zr-2Sn fine tubes was increased with reductions in their diameter for 
the cold rolled and annealed conditions. Annealed tubes exhibit greater strain hardening behaviour and 
superior ductility in comparison to cold rolled tubes. Stress induced martensitic transformation and 
mechanical twinning were activated during deformation of the Ti-25Nb-3Mo-3Zr-2Sn fine tubes. The 
deformation-induced products were identified as            mechanical twins, as well as primary and 
secondary stress-induced α″ phase. The synergetic deformation mechanisms contribute to the superior 
strain hardening rate and large ductility for the metastable β-Ti fine tubes in the annealed state.  
 
1. β grains experience rotations from (100) and (110) to (211) on the observation plane parallel 
to the rolling direction with reductions in the outside diameter. The β texture evolution 
resulted in an increased modulus with reductions in the tube diameters. The evolution of α″ 
phase texture was related to the transformation from the β to α″ phase and their resultant 
orientation relationship. The development of the α″ phase texture and its increased volume 
fraction have an opposing effect to that of β phase texture, which limits increases in the 
modulus with reductions in the diameters of the tubes.  
2. Transformation induced plasticity and twinning induced plasticity are active during 
processing of the Ti-25Nb-3Mo-3Zr-2Sn fine tubes and contribute to their mechanical 
behaviours.  
3. For annealed tubes, yielding occurs when the stress reaches the threshold to activate both 
twinning and stress-induced martensitic transformation. High strain hardening rates are 
associated with increasing volume fractions of mechanical twins and the martensitic α″ 
phase. The synergetic effects of these deformation mechanisms impart excellent tensile 
ductility in conjunction with high levels of strain-hardening to the annealed Ti-25Nb-3Mo-
3Zr-2Sn fine tubes.  
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Highlights 
 
 The modulus was increased with reductions in the diameter of β-Ti fine tubes. 
 The development of β and α″ phase texture resulted in an increased modulus. 
 The simultaneously active TRIP and TWIP contribute to the excellent tensile ductility and the high 
level of strain-hardening. 
